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Simultaneous particle-image velocimetry—planar laser-induced fluorescence
measurements of Richtmyer—Meshkov instability growth
in a gas curtain with and without reshock
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The structure of the concentration and velocity fields in a light-heavy-light fluid layer subjected to
an impulsive acceleration by a shock wave (Richtmyer—Meshkov instability) is studied using
simultaneous particle-image velocimetry and planar laser-induced fluorescence (PLIF)
measurements (performed in such flows for the first time). The initial condition prior to shock
impact is accurately characterized using calibrated PLIF measurements to enable comparisons of the
evolving structure to numerical simulations. Experiments performed on a SFg curtain in air (Atwood
number, At=0.67), after single shock by a Mach 1.2 shock wave and reshock by the reflected wave,
show that the reshock wave has a dramatic impact on the evolution of the unstable structure. After
first shock and in the absence of reshock(s), the structure widths agree well with an analytical
extension to the nonlinear point vortex model [J. W. Jacobs er al., “Nonlinear growth of the
shock-accelerated instability of a thin fluid layer,” J. Fluid Mech. 295, 23 (1995)] that accounts for
the nonuniform spacing of the row of counter-rotating vortices that drive the flow. However, upon
reshock, the width deviates significantly from the singly shocked case, and a substantial rise in the
growth rate is observed. Enhanced mixing, destruction of the ordered velocity field, and an increase
in both the positive and negative circulations ensue. Large velocity fluctuations relative to the mean
flow, and the advection of a wide spectrum of vortex scales combine to mix the flow well and create

turbulent conditions in the reshocked structure. © 2008 American Institute of Physics.

[DOLI: 10.1063/1.3041705]

I. INTRODUCTION

The amplification of perturbations at an impulsively ac-
celerated density gradient is called the Richtmyer—Meshkov
(RM) instability. The RM instability is created by the depo-
sition of baroclinic vorticity at the density gradient interface
due to the misalignment of pressure and density gradients. A
significant amount of research has been invested into the
study of the classical single interface development (Brouil-
lette and Stulrtevant,]’2 Jacobs and Sheeley,3 Puranik,4 among
others). While the canonical problem might be useful to un-
derstand the physics of the RM instability, real-life instances
in applications such as inertial confinement fusion,’ super-
sonic e:ngines,6 and supernova explosions7 involve fluid lay-
ers of finite thickness.” Finite-thickness layers (e.g., gas cur-
tain) also exhibit a richer array of behavior compared to the
single interface. Phenomena such as freeze-out, interface
coupling, and feedthrough are unique to fluid layers sub-
jected to RM instability. A gas curtain also allows the possi-
bility of creating initial flow configurations and initial modal
compositions that are difficult to achieve in membraneless
single interface configurations.

The first RM experiments on membraneless gas curtains
in a configuration similar to the present experiments were
reported by Jacobs et al’ Using a gravity-driven SFg gas
curtain, and a Mach 1.2 shock wave, they observed three
distinct types of patterns during the intermediate growth
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stage—the upstream mushroom, the sinuous, and the down-
stream mushroom patterns. It was conjectured that small
variations in the initial vorticity deposition by the first shock
created the differences observed at intermediate time. Using
planar laser Rayleigh scattering, it was confirmed by
Budzinski er al.' that differences in initial perturbation am-
plitudes between the two edges of the curtain resulted in the
development of the three flow patterns. Further, a correlation
of the initial conditions with the intermediate flow pattern
showed that the ratio between the upstream and downstream
amplitudes in the initial condition determined the pattern that
eventually formed:"! upstream patterns appeared when the
ratio was larger than 1.2, downstream patterns formed when
the ratio was less than 0.3, and the sinuous modes appeared
for values between 0.3 and 1.2. These differing patterns were
also observed in the two-dimensional simulations performed
using the CALE hydrocode, when the simulations reflected
the initial conditions in the experiments.8

Analytical growth rate models are limited in number for
the gas curtain (in contrast to the single interface case).
Mikaelian'? derived the linear growth rate of perturbations
on the surface of a curtain under the assumption of incom-
pressibility following a prescription similar to that given by
Richtmyer.13 The nonlinear growth at later times was derived
using a point vortex model assuming uniformly spaced
counter-rotating vortices by Jacobs et al. ' While large initial
perturbation amplitudes [kay~ O(1)], where k is the pertur-
bation wavenumber and ay is the initial amplitude), such as
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those present in the experiments mentioned here, reduce the
duration of the linear growth regime making model valida-
tion in the linear regime difficult, the predictions of the mod-
els in the nonlinear regime have been compared to experi-
mental data in the past.'4

Attempts to simulate the gas curtain experiments using
numerical codes have yielded mixed results. Simulation re-
sults from the AMR code RAGE by Baltrusaitis et al.”
showed a qualitative agreement of the larger scales, but
growth rate differences of 5%—-10% depending on whether
the simulations were performed in a center of mass frame or
the laboratory frame. Preshock waves (small pressure gradi-
ents in the shock tube that precede the main shock wave due
to improper bursting of the diaphragm) were found to easily
turn sinusoidal structures into upstream mushrooms, pointing
to the importance of eliminating preshocks in experiments.
Numerical simulations using CALE were performed by
Mikaelian'® using experimental data from gas curtains, with
and without reshock. It was found that the large-scale struc-
tures agreed well with the experiments in a qualitative sense.
Reshock simulations and simulations using a sinusoidal ini-
tial layer were also performed but not validated due to the
absence of experimental data. While the large-scale struc-
tures in the simulations qualitatively agree with the experi-
ments at early times, accurate prediction of the small-scale
structures remains elusive.

The small-scale structures in the experimental results of
Rightley et al." were compared to RAGE and CUERVO simu-
lations in Rider e al.'® and Rider er al." Significant varia-
tions in the spectral signatures were found between the simu-
lations and the experiments. While the high-resolution shock
capturing schemes exhibited a behavior qualitatively similar
to the data, results using first-order methods showed closer
agreement both qualitatively and quantitatively (i.e., using
fractal dimension calculations and wavelet transform spec-
tra). Based on these results, the simulation of gas curtains,
especially at later times, remains a challenging problem de-
spite advances in numerical techniques. In part, this is attrib-
utable to the lack of high-quality validation data from well-
controlled experiments that can be used to diagnose the
simulations.

Several aspects concerning the mixing of gas curtains at
late times, and the subsequent transition to turbulence, also
remain unresolved. It was observed that the mixing width of
the structure saturated in the case of a moderately perturbed
varicose curtain but no saturation was present for more se-
vere perturbations.zo Later, Vorobieff et al.®' showed that the
intensity structure function reached a —5/3 slope for the mul-
timode instability for correlations at small distances, pointing
to a transition to turbulence. A mixing transition was also
observed by Rightley et al."” and Vorobieff et al.* using
wavelet transforms, histogram analysis, and the calculation
of fractal dimensions. A method to further investigate these
phenomena was provided by the application of particle-
image velocimetry (PIV) measurements in RM flows by
Prestridge et al.”

While each of these experiments represented interesting
developments in the study of RM instabilities, they also suf-
fered from a fundamental problem—the experiments were
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performed on a gas curtain that was initially unstable. The
instability of the gas curtain manifested itself in minor varia-
tions in the initial conditions that were significant enough to
create dramatic changes in the postshock behavior. This
problem assumes additional significance in the study of re-
shock statistics. Turbulence statistics calculated on a flow
whose mean varies significantly may be subject to large bias
errors. This effect is expected to be prominent for RM-
unstable flows as small changes in the structure at the time of
reshock result in entirely different vorticity deposition pat-
terns upon reshock. The current experiment eliminates the
problem of an unstable curtain by modifying the nozzle con-
figuration used in the previous experiments to create a pas-
sive coflow configuration that is significantly more stable.
With the present initial conditions, only the sinuous mode of
development is observed commensurate with a symmetric
curtain. This stable curtain allows the meaningful compari-
son of independent realizations obtained at different times, to
enable the construction of an ensemble of related data and
ultimately, the quantitative estimation of turbulence statistics
after reshock to answer important questions regarding the
stability of statistics, mixing, and transition to turbulence.

The study of reshock and the subsequent production or
modulation of turbulence assumes importance in applications
such as inertial confinement fusion, where reshocks cannot
be avoided due to the spherical geometry. Reshocks deposit
additional energy into an already RM-unstable structure, pro-
moting the dispersion of energy into a wide spectrum of
scales. This is particularly desirable for repeatable, diffuse
curtains at low Mach numbers (such as the present experi-
ments), where a ready transition to turbulence is not ob-
served after a single shock. Thus, a forced transition to tur-
bulence by means of a reshock mechanism allows the
capture of true ensemble averaged turbulence statistics that
can then be used for the development of closure models for
variable density turbulent flows. A considerable amount of
research has been expended toward the study of reshock ef-
fects on the widths and growth rates of single interfaces ex-
cited by multiple shock waves (Brouillette and Sturtevant,?
Zaitsev et al.,24 Brouillette and Sturtevant,25 for example) but
reshock experiments on fluids layers remain scarce. Efforts
to measure the turbulent fluctuation statistics of the mixing
zone induced by the RM instability have been generally lim-
ited to turbulent velocity or concentration statistics using
thermal anemometers or laser-Doppler anemometers
(LDAs).”**" While thermal anemometers and LDA provide
high temporal resolution, the statistics are limited to a single
point. A more robust method of obtaining turbulence statis-
tics is using planar imaging techniques such as PIV and pla-
nar laser-induced fluorescence (PLIF) that yield two-
dimensional velocity and concentration fields, respectively.
Independently, PIV and PLIF techniques have been used to
extract the velocity and density fields from the flow. How-
ever, a complete characterization of the turbulent mixing re-
quires the simultaneous specification of both velocity and
density fields. In essence, simultaneous PIV-PLIF measure-
ments pave the way for the calculation of the complete two-
dimensional stress tensors in turbulent mixing fields.

In this paper, a complete time series of concentration
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FIG. 1. (Color online) Schematic of the shock tube apparatus showing the
nozzle, suction duct, the reshock wall (RW), pressure transducers, and the
PIV and PLIF cameras. The camera labeled PLIF1 is used for recording the
initial condition and early time evolution up to 90 ws, while the PLIF2
camera is synchronized to the PIV camera.

maps showing the evolution of RM instability in a varicose
gas curtain with and without reshock are presented. We char-
acterize the initial conditions by performing calibrated PLIF
measurements, providing input data that can be used in nu-
merical simulations. We discuss the mixing width evolution
for the cases of single shock and reshock, and provide a
modified model for the nonlinear growth rate of perturba-
tions after first shock. We then investigate the onset of tur-
bulence and the mixing enhancement induced by the reshock
wave by presenting the first simultaneous PIV-PLIF mea-
surements obtained in RM mixing flows thus far.

Il. EXPERIMENT
A. Experimental facility

The experiments presented in this paper are performed in
a horizontal shock tube with a 3 in. square cross section that
uses nitrogen as the driver gas and air as the driven gas (Fig.
1). A Mach 1.2 shock wave is generated by the rupture of a
polypropylene diaphragm, that separates the nitrogen [at
~15 psi(gauge)] from the driven air (at an atmospheric
pressure of 0.79 bar), using a plunger mechanism tipped with
blades. Preshock waves were avoided by using a single dia-
phragm reinforced with tape. An adjustable Plexiglas re-
shock wall with an optical window that is transparent to both
266 and 532 nm light is located near the downstream end of
the shock tube, to reflect the first shock.

Once generated, the shock wave travels down the shock
tube to impinge upon a gravity-driven curtain of SFq flowing
from a nozzle that exits through the top wall of the shock
tube. The nozzle in the present experiments consists of a row
of 21 cylindrical holes of 3.0 mm diameter and 3.6 mm
separation that extends across the width of the shock tube.
Diffusion of the flowing gas after it exits the nozzle creates a
thin curtain with varicose perturbations imposed upon its
outer layers. The flowing heavy gas exits the test section
through a duct attached to the bottom wall of the shock tube.
The duct is maintained at a small negative pressure just suf-
ficient to remove all of the flowing gas. It should be noted
that results from a recent simulation”® suggest the three di-
mensionality of the flow after first shock (and by inference,
after reshock) despite the nominally two-dimensional initial
condition.
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The shock driven RM instability is imaged at 25 times
after shock impact using PLIF, including 15 times prior to
the reshock time, t=600 us, and five times after r=600 us
in each of the singly shocked and reshocked cases. The PLIF
images are complemented by combined PIV-PLIF measure-
ments at two times before and after reshock. The heavy gas
is mixed with acetone vapor for PLIF measurements. The
acetone vapor is generated by bubbling SF, though liquid
acetone in a bath maintained at 20 °C. The flow is seeded for
PIV with glycol droplets of 0.5—-1.0 wm mean diameter gen-
erated by a fog machine. The output beam from a dual-head,
frequency-quadrupled Gemini Nd:YAG (yttrium aluminum
garnet) laser (\=266 nm) is shaped as a light sheet of thick-
ness less than 0.5 mm and is used to illuminate the acetone in
the SF¢ layer, to induce a broadband fluorescence in blue
with a broad peak at 420 nm.” The fluorescence is captured
using an Apogee 8P camera with a 1024 X 1024 charge
coupled device (CCD) array operated with no binning. An-
other Apogee 32ME camera with a 2184 X 1470 CCD array
and operated with 3 X3 on-chip binning is used to provide
optical access to regions not covered by the first camera (in-
cluding the initial condition). Each camera is equipped with
a Tamron SP Macro lens with a focal length of 90 mm re-
sulting in spatial resolutions of 54.5 and 46.4 um, respec-
tively. The contamination of the fluorescence signal by the
light scattered off the glycol particles is prevented by using
sharp visible-light interference filters [full width at half
maximum (FWHM) (=10 nm)] in front of each PLIF
camera.

[lumination for the PIV images is provided by a dual-
head, frequency doubled Nd:YAG laser operating at 532 nm.
The beam from the laser head is shaped into a planar sheet of
thickness less than 0.5 mm and combined with the PLIF
beam prior to entering the shock tube. The combined beam
path is parallel to the top wall of the shock tube, and is
directed toward a measurement location located 20 mm be-
low the nozzle exit. The light scattered off the glycol par-
ticles is imaged by a Kodak Megaplus ES 4.0/E cross-
correlation camera with a 2048 X2048 CCD array. The
background fluorescence due to the acetone seeding is re-
moved by using a Raman notch filter (centered at 532 nm
with FWHM=17 nm) in front of the lens. Using this con-
figuration, each experimental run produces a pair of PLIF
images and a single velocity vector field. By choosing suit-
able timings on the PLIF and PIV lasers, simultaneous PIV-
PLIF images are produced.

The PIV vectors are obtained by cross correlating the
raw images using the software PIV SLEUTH.*® A first correla-
tion window of size 24 X 24 pixels and a second correlation
window of size 32X 32 pixels are used with suitable offsets
for interrogations. A 50% overlap of the windows and a mild
Gaussian smoothing (o=1 over a 3 X 3 neighborhood) of the
interrogated field are employed to increase the spatial reso-
lution of the measurement, and to reduce the random noise,
respectively. The rotation of the PIV and PLIF1 cameras
(Fig. 1) results in a capture of distorted images. The distor-
tions are corrected using a least-squares fit of the projective
transform of a Cartesian grid imaged through the tilted cam-
eras at the measurement location. The projective transform
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accounts for the camera rotations about all three axes allow-
ing the mapping of the PIV vectors to the PLIF fields to
create a simultaneous concentration-velocity map of the flow.
The maximum error in the mapping of the velocity vectors to
the concentration field is less than *0.5 pixels
(%£27.3 um). It should be noted that the images captured by
the PLIF2 camera remains undistorted and are used for cal-
culating the density fields in the simultaneous PIV-PLIF
measurements presented in this paper.

The intensity calibration of the PLIF images is per-
formed using a specially coated nozzle to reduce spurious
scattering from the laser beam. The nozzle flows 100%
SF¢-acetone mixture, and is placed just above the laser light
sheet during calibration. Since the calibration is dependent
upon the shot-to-shot variations of the PLIF laser intensity
(measured to be £10% with a Gaussian distribution), a Py-
roelectric Joulemeter (Coherent J25LP-3) is used to compen-
sate for the relative intensity variations between the calibra-
tion and the actual measurements during every shot.

Aberrations introduced into the PIV and PLIF images
due to refractive index variations caused by the mixing of the
air and SFy are expected to be negligible. Using the
Gladstone—Dale equations, the maximum relative change in
the refractive index is 7.2 X 107> for air, and 3.4 X 10~* for
pure SF¢. The maximum relative distortion due to this refrac-
tive index variation (calculated as the ratio of the deviation
of a light ray emanating from the region of interest to its
angle in the absence of refractive index variations) is less
than 0.0012 for viewing angles of less than 30°.

The triggering of the lasers, cameras, and other electron-
ics is controlled by four pressure transducers (labeled 1-4 in
Fig. 1) located along the shock tube and sampled at 10
X 10° samples/s. The signals from the pressure transducers
located closest to the initial condition are used to measure
the velocity of the first shock and the reshock waves.

B. Stability of a confined gas curtain

The instability associated with planar jets exiting into a
sudden expansion or cavity is well known.”' ™ A similar
jet-cavity configuration is created by the SF4 curtain flowing
into the driven section of the shock tube. The shear stress at
the interface between the curtain and the surrounding air cre-
ates two dominant counter-rotating vortices on either side of
the curtain. The counter-rotating vortices destabilize the cur-
tain and result in a weak wavering motion of the curtain in
the streamwise direction. Thus, despite the elimination of
ambient fluctuations, the motion of the curtain due to this
hydrodynamic instability presents slightly different initial
condition to the incoming shock wave during each run of the
experiment. Depending on the phase of the oscillatory mo-
tion at shock impact, a slightly different pattern of evolution
emerges.

A dramatic improvement in the stability of the curtain is
achieved in the present experiments by the addition of two
manifolds on either side of the nozzle. This novel nozzle
design results in the mitigation of the shear stress at the jet
edges by creating a coflowing air-SF¢-air configuration
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FIG. 2. Schematic of (left) original nozzle design and (right) new nozzle
design with passive coflow.

(Fig. 2). The coflowing pattern weakens the counter-rotating
vortices in the shock tube resulting in the exclusive develop-
ment of sinuous structures during each shot of the experi-
ment without the occurrence of downstream and upstream
modes observed in the previous experiments. Further, the
stable curtain also provides a high degree of shot-to-shot
repeatability as evidenced by a comparison of the maximum
spread in the width measurements between a previous ex-
periment (£25% at a time between 700 and 900 us in Ja-
cobs et al.'*) and the current experiment (=5% at 715 us).
Photographs of the nozzle and a fog-visualized stable curtain
are shown in Fig. 3.

Another novel feature of the current experiments in the
use of stereolithographic (STL) techniques for nozzle manu-
facture. While previous experiments used conventional ma-
chining techniques to machine their nozzles, resulting in se-
vere constraints on the nozzle shapes, improvements in the
strength of polymer resins have now paved the way for the
STL manufacture of nozzles that are strong enough to with-
stand repeated Mach 2.0 impacts. For example, the present
nozzles are made of SLA Accura-60-HR material and manu-
factured using STL techniques to an accuracy of a few mi-
crons. The primary advantage of using such modern manu-
facturing techniques for RM experiments is the possibility of
creating almost any initial condition and modal compositions

FIG. 3. Photograph of (a) the stereolithographically manufactured nozzle (n)
showing the inlet manifolds (m) that result in the coflow. (b) End-view
visualization of the gas curtain seeded with fog particles.
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FIG. 4. (a) Intensity variation of initial conditions in the streamwise direction at the location of an intensity maximum (nozzle centerline). (b) Intensity
variation in the spanwise direction along the nozzle centerlines. (c) Variation of the standard deviation of the widths at various spanwise locations. Thick solid
lines represent curve fits to Eq. (1) with R? values of 0.98, 0.85, and 0.92, respectively.

that are, at best, difficult to generate in other membraneless
apparatuses.

C. Characterizing the initial conditions

The varicose curtain in the present experiments is cre-
ated by the advection-diffusion of a row of SF4 cylinders
emanating from the nozzle. While an exact solution can be
written for the pure-diffusion problem of the row of cylin-
ders by superposition of solutions from individual
cylinders,34 it is found that the pure-diffusion solution over-
estimates the peak concentration significantly. The best
match to the experimentally measured intensity profiles is
provided by Eq. (1), first used by Mikaelian:'®

A(1 + B cos kx)
[=—"T""""e¢

—yzaz/(l + B cos kx)z. (1)
1+B

The accuracy of this approximation is evaluated using

extracts of the intensity profiles from the initial condition
(IC) images in the spanwise (x) and streamwise (y) direc-
tions. A comparison of the experimental intensity profile (ex-
tracted along a line oriented in the streamwise direction and
passing through the point of maximum intensity) with a best-
fit Gaussian curve (solid line) is shown in Fig. 4(a). It is clear
that the streamwise intensity variation closely follows a
Gaussian profile. In the spanwise direction, the variation of
the intensity in the PLIF images is biased by the laser light-
sheet intensity variations. After the elimination of this varia-
tion using polynomial curve fits, the concentration profile
(extracted along a line oriented in the spanwise direction and
passing through the points of peak intensity) follows a cosine
function as shown in Fig. 4(b). The variation of the standard
deviation of the Gaussian fits in the streamwise extracts of
the intensity, due to the dependence of the diffusion on the
peak concentration, is represented by the 1+ 3 cos kx term in
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FIG. 5. An overlay of idealized initial conditions (above) and the experi-
mentally imaged initial conditions (below) showing the contamination of the
experimental image by laser light-sheet intensity variations, and other blem-
ishes in the optical path.

Eq. (1). Despite the higher noise observed in the curve fits
associated with the width variations, they follow a general
pattern of cosine variation [Fig. 4(c)].

It follows from the profiles plotted in Fig. 4 that syn-
thetic initial conditions created using fits to experimental
data closely reflect actual experimental initial conditions
with the distinct advantage of eliminating random noise
present in the experimental images. The random noise has
the potential to create spurious impulse density gradients
during simulations that are absent in the experiments. Fur-
ther, curve-fitted ICs serve to impose symmetry conditions
that are present in the experiments but are masked in the
captured images by the light-sheet intensity variations and
other optical flaws. Finally, ICs of a higher resolution could
be generated with a smaller error using curve fits than by the
direct interpolation of experimental data. A comparison of
idealized initial conditions based on the described fitting pro-
cedure with experimental data is shown in Fig. 5. The im-
provement in the quality of initial conditions in the synthetic
ICs over the raw experimental ICs is clear. The list of pa-
rameters that specify the initial conditions for the current
experiments according to the analytical expression in Eq. (1).
is provided in Table I.

D. Mean convection velocity

The mean concentration of SFy imaged within each pixel
is proportional to the intensity recorded in that pixel. Thus,
the center of mass (CM) of the evolving RM structure can be
calculated from the PLIF images. The errors in this calcula-
tion due to spurious background lighting variations are mini-
mized by subtracting the backgrounds from each image prior
to the calculation. The errors due to the thermal and shot
noise are minimal due to the large number of pixels that are

TABLE I. List of parameters that specify the initial conditions for the cur-
rent experiments. Coefficients correspond to Eq. (1), and the estimated er-
rors represent 95% confidence intervals for the curve fits. All numbers are in
SI units.

Parameter Value

A 32X107' +5%

B 20X107'+£5%

k 1.75X10° m™'+3%
B —4.0X1072£10%
a 836X 10> m™' +0.5%
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FIG. 6. Displacement of the unstable structure from the initial condition
after first shock (a) and after reshock (r). Solid lines represent linear fits to
the displacements. The size of the symbols represent maximum measure-
ment error.

averaged. Conservatively, it is estimated that the error in the
calculation of the streamwise CM location at each time is
less than =300 wm.

The linear variation of the CM location with time after
the passage of the first shock and upon reshock is shown in
Fig. 6. The structure is accelerated to a constant mean veloc-
ity within the first 100 us of both the first shock and re-
shock. Further, signatures that result from the interaction of
expansion waves with the developing RM instability are ab-
sent, pointing to the absence of contaminating expansion
waves in the times investigated. In the case of a singly
shocked RM instability, the CM of the structure begins to
accelerate after the Mach 1.2 shock wave and quickly attains
a constant mean velocity of 101.8 m s~!. In the absence of a
reshock, the structure continues to move with this linear ve-
locity until late times. However, upon reshock at 600 us, the
structure decelerates to a constant mean velocity of
19.9 m s™!. The nonzero value of the streamwise velocity
after reshock merits further discussion. Estimates of the
mean reshock velocity obtained from pressure traces yield a
value of 323.5 m s™! for the reshock velocity. This value is
within 3% of the velocity obtained using one-dimensional
gas dynamics calculations for a shock propagating in air
through a SF layer (332.3 m s7!). Further, one-dimensional
calculations performed to estimate the losses as the shock
propagates through the layer of SFg resulted in an exit Mach
number of 1.175 for an incident Mach number of 1.2. In
addition, PIV measurements of the post-reshock mean veloc-
ity showed a value consistent with the estimates given in this
paper. At this point, the reasons for the nonzero velocity after
reshock are unclear, and it is possible that the boundary layer
effects exert a significant influence on the post-reshock mean
velocity. It is estimated that the error in the mean velocity
associated with the linear fits is =1 m s~
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FIG. 7. Time series of RM instability development in a varicose gas curtain
after first shock (left) and after reshock (right). The direction of the first
shock and the reshock are marked by black arrows.

lll. DISCUSSION

A. Time series

A time series of images capturing the evolution of the
curtain upon impingement by a Mach 1.2 shock wave is
shown in Fig. 7. The time series is a collage created from an
ensemble of runs starting from nominally identical initial
conditions. Since each run generates a pair of PLIF images at
two different times, the consistency of the evolution patterns
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between two runs of the experiment can be verified by using
one image (at a fixed time) as a reference image. This
method of building the ensemble time series by staggering
the times provides a reliable way of capturing the evolution
pattern without any bias due to small initial condition varia-
tions.

The upper section of Fig. 7 shows the evolution of the
curtain prior to reshock time. The reshock wave arrives at ¢
=600 us, after which two paths of evolution are presented.
In the absence of a reshock, the evolution pattern follows
Fig. 7(a). In comparison, the reshock wave changes the evo-
lution to the pattern shown in Fig. 7(b). We now describe
several features of the flow in both the singly shocked and
reshocked cases. At time =0 us, the shock wave is just
upstream of the initial condition and about to strike the up-
stream interface. Upon striking the upstream interface, the
transmitted shock wave traverses the curtain (10 ws), com-
pressing it (15 us) and depositing baroclinic vorticity at the
interface. In these experiments, the postshock compression
width is directly measured from the PLIF image (15 us).
While the upstream interface continues to grow, the down-
stream interface undergoes a phase inversion, reaches zero
amplitude, and then grows along with the upstream interface
(25-35 pus), as expected from the linear theory.12 During
this initial period of growth, projectiles of dense material that
eject out of the primary structure in the downstream direction
are created by the deformation of the shock wave as it
traverses through the upstream interface (enlarged at ¢
=215 us). These projectiles were first observed in gas cyl-
inders by Kumar et al., and may become important in the
mixing of multilayered fluids. After the initial period of
growth, the symmetric curtain follows a sinuous mode of
development (190 us). During the nonlinear growth occur-
ring between 215 and 515 wus, mushroom structures emerge
and develop in a manner that is qualitatively similar to those
predicted by the vortex blob simulations of Rightley ef al”
A minor up-down asymmetry, readily seen by inverting the
image at r=365 us, is a consequence of three competing
mechanisms: (a) the difference in the strengths of the shock
wave impinging upon the downstream and upstream inter-
faces, (b) the time required for the phase inversion in the
downstream interface, and (c) the enhanced vorticity deposi-
tion at the downstream interface (due to the higher misalign-
ment between the pressure and density gradients created by
the deformed shock wave).

In the absence of a reshock wave, the structures develop
to later times without a clear transition to turbulence within
the times investigated (#=815 wus). The roll-ups at the vor-
tex cores increase, and pinching structures develop just be-
low the vortex cores (marked by arrow at t=715 us). The
flow also begins to lose its spanwise symmetry as small non-
uniformities in the initial conditions become important.
However, large-scale structures of the order of the dominant
wavelength remain prominent. In contrast, upon reshock at
600 us, an immediate dissociation of the larger scales into
smaller scales occurs.

The passage of the reshock wave through a developed
structure is shown at time t=615 us. The downstream
bridges become flatter and the structure begins to be com-
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FIG. 8. Point vortex model for RM growth in a curtain for a nonuniform
distribution of vortices of primary wavelength N and offset distance a.

pressed. After the passage of the reshock wave, a dramatic
increase in the mixing followed by a transition to a well-
mixed state is observed. Interestingly, a phase shift of 180°
in the location of peak material concentration is observed
after reshock between the times =615 and 665 us. While
the vertical cross section of least material (at 615 us) is
present in between the original centers of the nozzle cylin-
ders, this cross section moves to the center of the nozzle
cylinders at 665 us. Following these, 50 us later, the struc-
tures become well mixed and the instability begins to lose its
memory of initial conditions, as is evident from a compari-
son of the structures with and without reshock at ¢
=715 ws. Vortex projectilelike structures observed by
Zabusky and Zhamg36 are also found in the experimental im-
ages after reshock at 815 us. However, in the case of gas
curtains at Mach 1.2, they are not consistent features, disso-
ciate quickly, and are surmised to be the effect of small non-
uniformities in the symmetric pattern prior to reshock. At
even later times (1115 us), the flow appears well mixed and
visual evidence for the presence of the large-scale modes of
the order of the primary wavelength is absent.

While reshock growth models do not exist for gas layers,
analytical expressions for the nonlinear growth of RM insta-
bilities after a single shock have been derived by Jacobs
et al'* (henceforth referred to as the Jacobs model). How-
ever, the present experiments violate one of the assumptions
in the Jacobs model and hence necessitate a revision. In Sec.
I B, we will derive the generalized form of the Jacobs
model for the case of a row of stationary, nonequispaced,
counter-rotating vortices applicable to shocked fluid layers
created by the diffusive flow from a row of cylinders of
arbitrary spacing.

B. Nonlinear growth rate

The nonlinear growth rate of the RM instability in a thin
fluid layer was modeled by Jacobs et al™ using a point
vortex model consisting of a row of equispaced counter-
rotating point vortices of identical magnitude. Using invis-
cid, potential flow theory, exact closed-form analytical equa-
tions were derived for the growth rates. In the present
experiments, the ratio of the distances between the vortices
was measured to be 1.17, violating the assumption of equal
spacing. Thus, we derive a modified model that includes the
effect of a nonuniform distribution of the counter-rotating
vortices. We assume a vortex distribution as shown in Fig. 8.
The symmetry inherent in the problem requires that the point
vortices are of identical magnitudes despite their offsets.

Using series summations given in Lamb,37 the stream-
lines for this configuration of vortices is given by
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r cosh ky + sinh kx
= Elog

. 2
cosh ky — sinh k(a + x) @

The streamwise and spanwise velocities induced by the
vortices can be written (after simplification) as

Iy - kI'[cos kx + cos k(a + x)]cosh ky — sin ak

V=- = ,
dx  2(cosh ky + sin kx)[cosh ky — sin k(x + a) ]
(3)
P kI'[sin kx + sin k(a + x)]sinh ky
"~ 9y 2(cosh ky + sin kx)[— cosh ky + sin k(x +a)]’
(4)

Following Jacobs et al.,14 let us look at the points where
the U velocity vanishes to ease the integration. U vanishes
when kx+ka/2=0, £, = 2,.... At these points, the V ve-
locity is given by the following equations:

k k
-2r cosa—cosh—y —sin ak
2 2

V= (5)

ka ka\’
2| cosh ky — sm? cosh ky = sm?

Upon integration, we obtain the y location extremes of
the interface to be solutions of

B ak . kw, kw,  ak
k°T't cos— + sinh—— * ——sin—
2 2 2 2
. ak
=ky sin—- + sinh ky. (6)

The width of the curtain is now obtained as the differ-
ence between the solutions of Eq. (6). These equations re-
duce to the closed-form solution given by Jacobs et al."* for
a=0.

It is useful to examine the sensitivity of the curtain
widths to the vortex offsets. A plot of curtain width (w), as a
function of the offset phase (ak/ ), is shown in Fig. 9. It is
clear that small offsets create only small changes in the width
of the curtain. In the present experiments, the phase offset is
measured to be 0.078. Hence, Jacobs model and the general
model given above do not differ significantly in their width
predictions here. However, upon increasing the spacing be-
tween the cylinders (in the nozzle) to values much larger
than those presented in this paper, the general model derived
above is expected to perform better than the Jacobs original
model. It should also be noted that the point vortex models
are only used for data calibration and are derived using con-
siderable simplifications including the assumption of point
vortices driving the flow. They are not predictive in nature.

C. Effects of reshock: Growth rate amplification

The variation of the gas curtain width with time after
first shock and the dramatic increase in the width upon re-
shock are shown in Fig. 10. The width after first shock is
defined as the distance between the upstream and down-
stream locations of the structure where the peak concentra-
tion in a spanwise line-out reaches 5% SFg, and is calculated
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FIG. 9. Variation of the width (w) as a function of the vortex offset, ak/ .

as the average width measured over five adjacent wave-
lengths. The widths after reshock are calculated using the
same thresholds but by averaging the intensities in the span-
wise direction near the spanwise center of the structure. The
contribution due to the small vortices propelled out at ¢
=815 us are neglected.

In the case of a singly shocked curtain, the shock com-
presses the curtain to a minimum postshock width of 2.47
mm at time t=15-30 wus. After the initial period of com-
pression, the width rebounds and follows the modified Ja-
cobs model well up to t=800 us. The maximum error be-
tween the predictions of the model (obtained as a best-fit

Structure width, w (mm)
o

|

1

0 500 1000
Time after first shock (us)

FIG. 10. Variation of the structure width (w) for the present curtain with (A)
and without (CJ) reshock. The solid line represents the modified Jacobs point
vortex model.
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curve of the experimentally measured widths) and the mea-
sured width was found to be *=5%. While there is good
agreement to the form of the Jacobs model, the value of the
circulation that produces the best fit for the model (I’
=0.030 m?s7') is quite different from the value of the cir-
culation  measured using PIV  techniques (T
=0.057=0.004 m?s™!). We now investigate the reasons for
this discrepancy.

At a distance of 0.5 mm away from the vortex core, the
azimuthal velocity induced is about 18 ms~'. A particle
moving at this distance from the vortex core is subjected to a
centrifugal acceleration of roughly 65 000g, where g is the
acceleration due to gravity. While the particles are subjected
to tremendous acceleration, the Stokes number (St
=U,D*/18€v,R,, with e=p./(p,+0.5p,), where U, is the
characteristic velocity of the fluid, D is the particle diameter,
p, is the density of the fluid, p, is the particle density, R, is
the characteristic radius of the vortex, and v, is the fluid
viscosity) of a fog droplet of 1 um mean diameter is about
0.07.% Since the Stokes number is small, the asymptotic
analysis given in Lasheras and Tio® is valid. Further, our
region of interest is greater than 35 wum [O(St)] and less
than 7200 um [O(St™!)] away from the vortex cores and
hence, the tracer particles accurately track the azimuthal fluid
velocity.38 Since the circulation depends only on the azi-
muthal velocity, it can be reasoned that the strong centrifugal
forces are not the cause of this discrepancy.

A potential explanation arises out of the vortex blob
simulations of Rightley et al.®® It was found that deviations
from the point vortex model using a vortex blob of finite size
produced a significant reduction in the widths at a given time
(Fig. 13 in Ref. 20) Hence, the assumption of a point vortex
requires a smaller circulation than the actual value for correct
width predictions, consistent with the present experiment.
The observation that the widths follow the form of Jacobs
model is in itself significant as a similar observation has been
made at a higher Mach number of Ma= 1.5.°° These results
point to the possibility of scaling only the circulation term in
the equations of the point vortex model keeping all the other
terms the same.

We will now investigate the evolution of the reshocked
structure. The reshock wave impinges upon the moving in-
terface at roughly 600 ws and creates an immediate com-
pression of the growing structure, as seen by the dip in the
width around r=600 us. After shock passage, the width of
the structure rebounds to values larger than the pre-reshock
width. Further, the growth rate of the reshocked structure
immediately after reshock (15+3 m s™!), calculated as a fi-
nite difference derivative of the measured widths, was found
to be larger than the maximum growth rate after first shock
(7+3 m s7!). This post-reshock growth rate is also substan-
tially higher than the growth rate of the singly shocked cur-
tain just prior to reshock (1.7 0.5 m s™!). Thus the reshock
wave increases the mixing dramatically, and amplifies the
growth rate of the RM instability as measured by the width
metric.

This growth rate enhancement, however, is not unex-
pected and has been observed for the single interface case in
numerous experimentsl’z’zé"25 and some simulations.*'
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There is consensus that the amplification is dependent upon
several factors including the reshock Mach number, the cur-
vature of the evolving structure at the time of reshock, and
the magnitude of the gradients encountered by the shock.*
The curvature of the structure is, in turn, dependent upon the
duration between the first shock and the arrival of the re-
shock. For example, in the present experiments, the reshock
wave (Ma=1.175) encounters an already developing struc-
ture that presents a longer and far more convoluted interface
for the deposition of baroclinic vorticity when compared to
the interface presented by the initial condition to the first
shock (Ma=1.2). The interaction of the shock wave with the
longer interface is then expected to produce a greater vortic-
ity deposition over a wider range of scales for a given den-
sity gradient. This additional energy injected into the devel-
oping structure by the reshock wave causes the enhanced
growth rate and turbulent mixing.

D. Onset of turbulence upon reshock

In addition to the growth rate and width amplification
upon reshock related to the largest scales of the flow, signifi-
cant changes in the internal structure of the flow also occur.
Rapid mixing, presumably produced by small vortices of
varying scales, along with a dramatic redistribution of vor-
ticity are observed. From the time sequence in Fig. 7, it
appears that the mixing produced by the reshock wave in the
100 wus interval between 615 and 715 wus is greater than the
mixing produced during the entire duration before reshock.
In addition, the imprint of the large-scale structures is sub-
stantially reduced after reshock, as is evident from a com-
parison of the singly shocked and reshocked images at ¢
=815 us. This dramatic mixing is associated with large ve-
locity fluctuations introduced into the flow by the reshock
wave.

A histogram of the fluctuating streamwise and spanwise
velocities, obtained from PIV measurements after reshock at
715 s, is shown in Fig. 11. About 99% of the spanwise and
streamwise fluctuation velocities fall between the ranges of
+8.6 and =9.8 m s~! respectively. It is also interesting to
note that the velocity fluctuations follow a roughly Gaussian
profile with standard deviations of 4.9 and 4.8 m s™! in the
streamwise and spanwise directions despite the developing
nature of the flow. Finally, we observe that these velocity
fluctuations are significant in comparison to the mean
streamwise velocity of 20 m s™! but small compared to the
local speed of sound.

E. Simultaneous PIV-PLIF

Snapshots of the simultaneous PIV-PLIF measurements
obtained before and after reshock are shown in Figs. 12(a)
and 12(b). The color contours represent volume-fraction con-
centration of SF¢ obtained using calibrated PLIF measure-
ments after compensating for light-sheet intensity variations
in the spanwise direction. In Fig. 12(a), the highest SFy con-
centration is present in the roll-ups around the vortex cores,
and in the bridges formed from the material in between the
vortex pairs from a single wavelength of the nozzle. This is
expected as the maximum SFg concentration occurs at the
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FIG. 11. Histogram of fluctuating streamwise (A) and spanwise ((J) veloci-
ties generated from a single PIV image after reshock.

center of the wavelength. After the counter-rotating vortices
are formed in the curtain after first shock, the SF¢ near the
vortices gets wrapped around, while the SFg in between the
vortices gets pushed upstream by the induced velocity field.
The pushing up of the heavy material is evident from the
upward direction of the fluctuating velocity field in between
the vortices.

After reshock, the ordered flow field is dramatically dis-
turbed by the reshock wave [Fig. 12(b)]. A comparison of the
concentration fields shows that the regions of peak concen-
tration are advected downstream after reshock. Also, while
the regions of high concentration occur midway across the
upstream bridges before reshock, their location is offset in
the spanwise direction by half a wavelength upon reshock. A
comparison of the vector fields from images before and after
reshock shows the sudden change in the nature of the flow.
Small scale vortices have developed as a result of the re-
shock (as expected), due to the numerous regions of density
gradients present prior to reshock. The induced motions of
these vortices create an increase in the range of scales found
within the flow.

The change in the flow structure can be better under-
stood by an examination of the vorticity fields. Figures 12(c)
and 12(d) show a comparison of the vorticity fields before
and after reshock. The presence of a row of counter-rotating
vortices with the bulk of the vorticity concentrated near the
vortex cores is evident from Fig. 12(c). This spatial map of
vorticity allows for the evaluation of the validity of the as-
sumptions in the modified Jacobs model for the present (sin-
gly shocked) flow. The patches of positive and negative vor-
ticity observed in Fig. 12(c) are reasonably close to a series
of counter-rotating vortices, which is consistent with the
good agreement in the shape of the model curve and the
experimental data. However, the assumption of true point
vortices is clearly not valid, suggesting that the results of
Rightley et al.*® mentioned earlier—that blobs of vorticity
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FIG. 12. (Color) [(a) and (b)] Simultaneous PIV-PLIF snapshots showing concentration contours and fluctuating velocity vectors (a) at r=465 us after first
shock and (b) after reshock at r=665 us. [(c) and (d)] Fluctuating velocity vector fields superimposed on vorticity contours showing the redistribution of
vorticity after reshock. The images were taken at (a) t=465 us after first shock and (b) at /=665 us when reshock has occurred. (e) Contour plot of the
fluctuating streamwise velocity showing the presence of modes of the size of the primary wavelength at =665 us. The vectors represent the fluctuating

velocity. The solid line represents one primary wavelength.

can yield a lower growth rate than point vortices—indeed
offer an explanation for the discrepancy in the estimate of the
circulation using PIV measurements.

Upon reshock, we expect the baroclinic deposition of
smaller scale vorticity throughout the structure, as suggested
by the complex distribution of density gradients seen in Fig.
12(a). This vorticity would be expected to advect both the
existing vorticity and concentration fields in a complex man-

ner, so that the ordered vorticity present in Fig. 12(c) gets
redistributed throughout the reshocked structure. Spanwise
symmetry is also not easily evident, suggesting an enhanced
and evolving state of mixing after reshock at =715 wus. The
asymmetric distribution leads one to expect that the vortices
advect each other in addition to the flow, complicating the
evolution of the flow further. Prior to reshock, the mean posi-
tive circulation within the region of a single wavelength,
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averaged over five wavelengths, is measured from the PIV
data to be 0.059 m? s~! and the mean negative circulation is
measured to be —0.055 m? s~!. After reshock, the mean posi-
tive and negative circulations increase to 0.099 and
-0.096 m?s7!, respectively, an increase of over 50%. The
increase in the circulation and the emergence of the smaller
scales is consistent with the observations of Schilling et al!
in the case of a single interface with reshock. It should also
be noted that the particle Stokes number after reshock is
reduced to 0.03 due to the distribution of the vorticity over a
larger area, resulting in an improved particle tracking fidelity.

While one might be tempted to conclude that the flow is
turbulent based on the histogram shown in Fig. 11 and the
vorticity plots, a contour of the fluctuating streamwise veloc-
ity in Fig. 12(e) shows the presence of large-scale structures
of the order of the primary wavelength at r=665 us. There-
fore, the time at which a reshocked structure becomes fully
turbulent remains an open question.

IV. SUMMARY

For the first time, simultaneous PIV-PLIF measurements
have been performed in RM flows to study the structure of
concentration and velocity fields inside a singly shocked and
reshocked air-SFg-air fluid layer. Stable and repeatable initial
conditions, achieved using a novel nozzle equipped with co-
flowing ducts, have been characterized in detail using cali-
brated PLIF measurements. It is found that the initial condi-
tions measured in the experiments agree well with the
analytical predictions of Mikaelian,'® paving the way for
highly accurate initial condition inputs for simulations.

The growth of the perturbations on the fluid layer upon
interaction with a single shock, and its subsequent interaction
with a reshock wave, have been captured in a collage created
from an ensemble of runs starting from nominally identical
initial conditions. Upon impact by a single Mach 1.2 shock
wave, the perturbation widths grow in agreement with the
form of an extended point vortex model even until late times.
However, the circulation extracted from a best fit of the ex-
perimental widths to the model does not agree with the cir-
culations measured directly using the PIV velocity vector
field. It is argued that this apparent anomaly might be a con-
sequence of the blob nature of the vortex deposition patterns.

The arrival of the reshock wave at 600 us brings dra-
matic structural changes to the layer, including increased
width, increased circulation, growth rate amplification, emer-
gence of smaller scales, redistribution of vorticity, enhanced
mixing, and finally, a transition to turbulencelike conditions.
The mean positive circulation (over each wavelength) in-
creases from 0.059 to 0.099 m?s~! (the magnitude of the
negative circulation shows a similar increase). The reshock
wave also increases the width of the mixing layer, and am-
plifies the instantaneous growth rate by roughly a factor of 4
from 1.7+0.5 ms™! to 7+3 ms~!. Histograms of the
streamwise and spanwise velocity fluctuations measured at
~65 us after reshock follow roughly Gaussian profiles with
standard deviations of 4.5 and 4.9 m s~!, respectively. These
velocity fluctuations are comparable to the mean velocity of
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the structure (19.9 m s~!) and create strongly turbulent con-
ditions during the evolution of the structure after reshock.
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